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Abstract 
The Cassini spacecraft, currently in orbit around Saturn, has an Ion and Neutral Mass Spectrometer (INMS) on board as part of the 
scientific payload.  There have been some unexpected readings of the instrument in flybys of the moon Enceladus.  In relative encounter 
velocity, these flybys range from 7 to 18 km/s, and it has been suggested that ice grain impacts in the instrument could have a velocity-
dependent response that influences the materials that the instrument records. To explore the physics of the impacts, computations were 
performed with CTH. Small ice grains (1 micron across) were impacted into a titanium alloy at a range of speeds of interest.  Results are 
that the formation of a titanium vapor plume begins at impact velocities of 16 km/s.  The transition to the formation of vapor of target 
material is fairly sharp.  We explore the transition to determine the influence of ice grain geometry on the vapor formation transition.  
Efforts have been made to quantify the titanium vapor and titanium solid and liquid ejecta at various impact speeds, as all of these may 
influence chemistry in the instrument’s antechamber and thus affect what ions or molecules are seen by the INMS. 
© 2015 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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1. Cassini Flybys of Enceladus 
The Cassini spacecraft arrived at Saturn in 2004.  Through the end of 2014, while orbiting the planet, Cassini has done 
twenty flybys of the moon Enceladus.  Plumes have been observed near the surface of the moon which, through a process of 
cryovolcanism, throw material into nearby space.  These plumes are in the vicinity of the south pole, where interesting 
striations of the surface are observed (Figure 1, [1]).  During the flybys, the composition of the moon’s plume has been 
measured by the Ion and Neutral Mass Spectrometer (INMS) (Figure 2, [2]).  This instrument measures the molecular 
weight of molecules in rarefied gases.  In the instrument mode discussed in this paper, neutral particles in the plume first 
enter the instrument in the spherical titanium antechamber, which has an inner diameter of about 2.5 cm.  The neutral 
particles collide with the antechamber walls, travel down a transfer tube, and then are ionized with electron guns.  The ions 
then travel through a series of cylindrical electrostatic lenses and a quadrupole switching lens and are focused into a 
quadrupole mass analyzer.  The analyzer can measure atomic masses from 1 to 99 Daltons.  During the early high velocity 
encounters the INMS recorded a significantly different composition than the later low velocity flybys.  The higher velocity 
flybys contained a higher ratio of molecular hydrogen to water and an increase in organic content relative to the low 
velocity flybys.  The most recent low velocity flybys indicate a highly consistent plume composition that suggest that 
velocity and not temporal or spatial variations of the flyby itself are responsible for the observed composition changes.  
Figure 3 shows an example comparing the mass spectrometer readings of two flyby velocities (E5 at 17.7 km/s, E7 at 
7.7 km/s).  There is a clear difference in distribution in the mass spectrum of these flybys. 
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The question arises whether ice grain impacts into the walls of the titanium antechamber might be producing titanium 
vapor, which could subsequently be undergoing chemical reactions with other molecules in the antechamber.  It is expected 
that a vapor state of titanium is much more reactive than titanium fragments or even droplets of titanium liquid.  Chemical 
reactions could produce molecules whose masses mask the original chemical composition of the plumes.  This paper 
focuses on the question of whether there is a qualitative difference in behavior for these high and low impact speeds. 
 
 
2.  Hypervelocity Impact and Vaporization 
 
When a hypervelocity impact occurs, large compressions occur and roughly half the kinetic energy from the impactor is 
converted into internal energy in the impacting materials.  The material state is initially highly compressed, and when 
subsequent relief waves reduce the pressure, there is an isentropic expansion of the material that reduces the internal energy.  
Typically there is residual energy left over after this expansion.  This energy may be sufficient to either melt or vaporize the 
material.  In this specific instance, we are interested in the impact velocity of ice striking titanium that leads to the formation 
of titanium vapor after release. 
A number of different approaches were taken to understand this effect.  First, we are able to roughly estimate the internal 
energy left in the material after impact and release, and we see what impact speed first indicates the presence of titanium 
vapor.  Second, one dimensional impact computations are performed in CTH, as these compare most easily with the 
analytical modeling.  These computations show a similar onset velocity estimate for the presence of titanium vapor based on 
the predicted temperature of the unloaded material.  Finally, two dimensional axisymmetric CTH computations are 
performed of small ice spheres striking semi-infinite titanium that show a similar onset impact velocity for titanium vapor. 
 
  
 
 
 
Figure 1. Two Cassini images of Enceladus, the first showing the “tiger stripes” near the south pole which is the region from which the plumes are emitted, 
and the second showing the plumes themselves.  Courtesy NASA/JPL. 
 
Figure 2.  Schematic of INMS (left) and a photograph of part of the instrument showing the titanium antechamber with entry opening (in the upper right of 
photograph), and directly below it the open source entry. Figures from Waite, et al. [2]. 
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Figure 3.  The accumulated signal mass spectra for E5 (17.7 km/s flyby) and E7 (7.7 km/s flyby) which are representative of the high and low velocity 
flyby distributions.  The spectra are normalized so that the signal in other masses can be compared to the H2O signal at 18 Da.  The lower bound of the plot 
window represents the noise level for both data sets.  A significant velocity dependence is observed when comparing the two spectra.  The E5 spectrum 
shows composition with complexity up to C6H6 (78 Da) whereas E7 complexity peaks in the C3 group (around 40 Da).  No TiO (64) or TiO2 (80) peak is 
observed. 
3.  Analytic Temperature Estimates 
 
Estimating the temperature during and after a hypervelocity impact event is quite difficult.  In particular, the heat 
capacity typically is not constant, though that is an assumption that is made in this section.  There are two curves we have 
particular interest in, the Hugoniot and the isentrope.  It is relatively simple to compute the energy along the Hugoniot.  
With various simplifying assumptions, it is relatively simple to compute the temperature along the isentrope.  Thus, our 
approach for an analytic estimate is to do the following, beginning at ambient pressure and density: 
1. Compute the end state on the Hugoniot locus, i.e., determine the density, stress, and energy of the state.  
2. Determine the temperature along the isentrope that achieves the same material density. 
3. Estimate the energy of the isentrope at that density. 
4. Estimate the temperature of the Hugoniot state for that density, based on the energy difference of the Hugoniot state 
and the isentrope state, assuming a constant heat capacity. 
5. Then we release on the isentrope.  A complication here is where does our release end?  One approach is to say the 
release ends when the density matches the starting density of the material.  However, because of the residual energy 
this “end state” has a higher pressure than ambient.  Another approach is to take it down to ambient pressure.  
However, this expansion further cools the material, leaving less residual energy. 
6. Computing the energy change on the isentrope, we now can look at the residual energy in the shocked/released 
material and decide whether that is sufficient to melt or vaporize the material.  Notice that we are not examining a 
path for the heating/melting/vaporization at this point – i.e., we are not trying to see if it is isentropic or along the 
Hugoniot.  We simply look at the energy, what it takes given a constant heat capacity to heat it and given the heat of 
fusion what it takes to melt it, and then determine if there is sufficient internal energy remaining to reach the vapor 
regime. 
We now write down the equations that are used in the above steps.  We work with a Mie-Grüneisen equation of state, 
which using the Hugoniot H as a reference is 
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If the heat capacity is assumed constant and the common assumption is made that 00* * UU , a constant where 0U is the 
ambient material density, then it is possible to show that the temperature along an isentrope is given by 
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where iU is the initial density at the beginning of the isentrope and U is the final density.  When we compute the initial 
loading isentrope, iU is the initial material density and ρ is the final density of the shock.  These provide the temperature at 
the Hugoniot state, 
).())()((1)( UUUU ssH
V
H TEEC
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Equation (4) is also used to compute the temperature upon release, where now the initial state is the shocked state ( iU and 
Ti) and the release can be made either to the ambient density 0U  or to the ambient pressure 0p  (using the EOS to determine 
the rarefied final density, which requires Eq. 2 to determine the energy); for the particular case considered here the results 
and conclusions are similar for either end point, though specifically the case displayed in Figure 4 released to 0U .  (Also, an 
approximate analytic expression was used to compute Es(U).)  We then take the temperature of the final state and determine 
if it is enough to heat the material at constant volume to a partial vapor state. 
These equations are used to velocities at which melting and vaporization of the titanium begin.  We start by considering 
the titanium alone.  For higher particle velocities LANL gives the titanium Us-Up Hugoniot as Us = 4.877 km/s + 1.049 up 
with a Grüneisen coefficient of *0 = 1.09 [3].  The initial density is U0 = 4.528 g/cm3.  With a starting temperature of 70 °K, 
representative of the instrument temperature on the spacecraft, a constant heat capacity of 524 J/kg °K, a melting 
temperature of 1941 °K, a heat of fusion of 2.96u105 J/kg, and a vaporization temperature of 3560 °K, the above procedure 
produces a particle velocity in the titanium at the onset of melt of 3.15 km/s.  For the onset of vaporization the particle 
velocity in the titanium is 4.35 km/s.  These values are approximate, but based on the assumptions described above are good 
to around r50 m/s. 
Given that we know the one-dimensional shock and release onset of vapor for the titanium material, the question now 
becomes what ice impact velocity produces the stated particle velocities in the titanium.  Values for ice are taken from 
Stewart and Ahrens [4], giving the Hugoniot locus Us = 1.70 km/s + 1.44 up with an initial density of 0.932 g/cm3 (the stated 
density at 100 °K).  Using the Hugoniot jump conditions, impacting this ice into the titanium material above says 
 
One-dimensional analytical result: 
Onset of titanium melt:   11.9 km/s impact speed; 
Onset of titanium vaporization:  15.6 km/s impact speed. 
 
Thus, this gives us an initial indication that there may be a qualitative difference in the Enceladus flybys, as to the formation 
of titanium vapor in the titanium antechamber.  We mention that the shocked titanium state for these two impact speeds has 
a temperature on the Hugoniot of 3215 °K and 7480 °K, respectively; however, these are confined temperatures, and the 
temperatures drop considerably (to 
the melt and vaporization 
temperature) during release.  The 
compressed strains H = 1U0/U at the 
Hugoniot states are 0.385 and 0.461, 
respectively.  Figure 4 shows the 
temperature after unloading of the 
titanium as a function of impact 
speed of the ice based on the above 
equations.  The melt and vaporization 
regions are seen as constant 
temperature regions in the plot, and 
the speeds at which partial melt and 
partial vaporization are first observed 
are marked.  The liquid-vapor plateau 
lasts till approximately 29 km/s, or 
9 km/s particle velocity in the 
titanium.  
Figure 4.  Computed temperature upon release in titanium as a function of impact velocity of the ice.  The starting temperature is 70 qK.  The temperature 
rises till it hits the melt temperature, where it stays from incipient melt to complete melt, and then the temperature rises to vaporization.  Marked on the plot 
are the incipient melt and vaporization of the one-dimensional CTH computations and the incipient vaporization computations of ice grains of different 
shapes striking titanium, again using CTH. 
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4.  One-dimensional Impact using a Sophisticated Titanium EOS in CTH 
 
After the preliminary analytic analysis of the previous section, we now look at one-dimensional impact computations 
performed with the Eulerian hydrocode CTH, written by Sandia National Laboratories [5].  These computations used the Ti-
6Al-4V equation of state developed by Jerry Kerly, that exists in a SESAME tabular form [6].  This equation of state 
employs extensive data for the material, including Hugoniot data, to construct a thermodynamically consistent equation of 
state that is relevant to our pressures and temperatures of interest.  It includes phase transitions.  The strength model for the 
titanium alloy is the published numbers by Steinberg and Guinan [7].  For the ice, CTH’s ANEOS (analytic equation of 
state) model was used and a constant strength of 2 MPa was set [8,9].  This equation of state has a solid-liquid-vapor 
transition for H2O.  Both the ice and the titanium had an initial cold temperature of 70 °K. 
The one-dimensional impact computations must then be interpreted, as the tabular equation of state does not explicitly 
declare the state of the material.  We will examine the temperatures in the unloaded material.  Computations were 
performed at 0.5 km/s increments for a 1 micron-thick (1 micron = 1 Pm = 1u10-6 m) ice impactor striking a 50 micron-
thick titanium Ti-6Al-4V target.  The temperature distributions after unloading are not entirely uniform, with a higher 
temperature near the impact surface.  Residual temperatures after unloading above the melt temperature are first seen at 
11 km/s.  Residual temperatures after unloading above the vaporization temperature are first seen at 16.5 km/s.  These 
images are shown in Figure 5.  Both these images are at 2 nanoseconds after impact.  The computational cell size is 'x = 
0.01 micron.  Thus we conclude 
 
 One-dimensional numerical result: 
Onset of titanium melt:   11 km/s impact speed; 
Onset of titanium vaporization:  16.5 km/s impact speed. 
 
It is seen that the analytic and the CTH computations for the one-dimension impact predict similar velocity thresholds for 
the changes of state in the titanium material (see Figure 4, where these threshold velocities are labeled “CTH Plate”).  As 
another check on partial vaporization, Figure 6 in Ref. [6] plots isotherms in the vapor-liquid transition.  For the 3700 °K 
isotherm, the density is between 3 g/cm3 and 3.5 g/cm3 for pressures between 0.3 MPa and 1 GPa.  For the 16.5 km/s impact 
computation, the density near the peak is 3.33 g/cm3 for a pressure of 57 MPa, which appears to be on the edge of the liquid-
vapor region. 
     
Figure 5.  The temperature distribution after release for the impact of a 1-micron-thick one-dimensional ice grain into 50-micron-thick titanium using CTH.  
The left image is at 11 km/s and shows the onset of melt (1941 °K) and the right image is at 16.5 km/s and shows the onset of vaporization (3560 °K).  The 
temperature peaks are in the titanium material near the impact face (initially at x = 0).  Both images are at 2 nanoseconds after impact. 
5.  CTH Computations of Spherical Ice Grains Striking Titanium 
 
CTH was next used to perform impact computations of ice grains on the titanium antechamber.  These computations 
assumed axial symmetry and a fully dense 1 micron-diameter ice sphere impacting “semi-infinite” Ti-6Al-4V material at 
velocities ranging from 7 to 18 km/s.  The mass of the spherical ice impactor was 0.52 picogram (=10-12 gram).  The ice 
initial temperature was 70°K and used the above referenced ANEOS equation of state from CTH’s library.  For the titanium 
Kerley’s SESAME tabular equation of state was again used.  Computations used coarse and fine mesh resolutions (0.05 and 
0.025 micron cell size) to check for mesh sensitivity.  
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A parametric study was performed on the impact velocity to capture the onset of titanium vaporization.  Impact velocities 
were varied from 7 to 18 km/s in increments of 0.5 km/s.  The first cloud of titanium vapor was observed at an impact 
velocity of 16 km/s, hence 
 
 Two-dimensional axisymmetric spherical ice gran impact numerical result: 
Onset of titanium vaporization:  16 km/s impact speed. 
 
This result is displayed in Figure 4 for comparison with the other analysis techniques. 
Figure 6a (upper left) shows the materials (left side) and the density (right side).  This plot allows for a direct 
identification of the titanium vapor cloud: it is a very low density region with titanium material; in the vapor cloud the 
densities range from 1u10-4 to 0.2 g/cm3.  Figure 6b (upper right) again shows the materials on the left and the temperature 
on the right.  In the titanium vapor cloud the temperature is on the order of 700 °K.  Very high temperatures are seen at the 
surface of the bottom of the crater; these temperatures are on the order of 2000 °K.  Shortly after the impact (at 0.2 ns) 
temperatures in this region are around 4000 °K, leading to the observed vaporization.  It is the earliest ejecta produced 
during the impact that is vaporized – originally the “rabbit ears” come off as leading droplets in the chain of ejecta, and then 
they expand since they are hot enough to vaporize.  Impact speeds below 16 km/s do not show the “rabbit ears” plume of 
titanium material (vapor) coming from debris liberated from the crater walls, rather just a string of small fragments.  
The mass of titanium ejecta was determined as a function of time for each impact speed.  Figure 6c and d (lower left and 
center) show estimates of the solid particulates in the ejecta, estimated by summing the mass above the crater lip where the 
density in the computational cell was above 0.1 g/cm3; the mass increases over time as more debris separates from the crater 
lip.  Solid ejecta mass tends to 2 to 4 pg as an increasing function of impact speed.  Figure 6e (lower right) shows estimates 
of Ti vapor; after initial crater formation, the amount of vapor increases with time due the small vapor fragments expanding 
enough that their density drops below a 0.1 g/cm3 threshold being used to identify vapor and be included in the vapor mass 
sum.  The 16 km/s impact speed is the first to show vapor mass.  On the order of 1 pg of vapor is produced.  Part of the 
leveling off in vapor and jagged values in the solid mass occurs because material begins to exit at the top of the finite 
computational mesh at later times (around 1.4 ns for the vapor).  About 30% of the material that is liberated from the 
titanium antechamber as ejecta ends up as vapor; the rest is solid fragments or liquid droplets. 
 
 
 
Figure 6.  At an impact velocity of 16 km/s the transition happens and titanium vapor is being produced. a) Plot showing on the left half the materials (red 
is water and yellow titanium) and the density on the right half (upper left). b) Plot again showing on the left half the materials and the temperature on the 
right half (upper right).  c) and d) Detached solid mass and e) mass of titanium vapor as a function of time for different impact velocities (lower). 
     Water vapor    Ti  vapor   Ti frags 
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6.  Effect of Ice Grain Shape on Onset of Vaporization Velocity 
 
Similar computations were performed using a double-cone shape for the ice grain instead of a sphere. The mass of the 
double-cone was the same than the mass of the sphere used in previous computations. Figure 7a shows the initial geometry 
for an initial impact velocity of 18 km/s where the vertical z-axis is an axis of revolution. It is interesting to observe that 
with the pointy shape we do not get vaporization at this impact speed as seen in Figure 7b at 2 ns. This is due to the 
rarefaction waves originating on the surface of the target that quickly interfere with and release the shock wave from the 
impact.  For a flatter impactor like the sphere, the shock wave and interaction surface are larger and hence a significant 
shock forms before it is released by rarefaction waves. The final temperature at the impact region is, consequently, larger for 
the spherical impactor.  Computations were performed every 1 km/s up to 25 km/s and titanium vapor was first observed at 
22 km/s: 
 
Two-dimensional axisymmetric conical ice gran impact numerical result: 
Onset of titanium vaporization for conical ice impactor:  22 km/s impact speed. 
 
This result is also shown on Figure 4.  Thus, the shape of the ice grain can influence the onset of vaporization. 
 
 
Figure 7.  Impact of an ice grain with a double-cone shape at 18 km/s on the titanium material compared with a spherical ice grain impactor. The red color 
is water and the blue is titanium: Conical: a) initial configuration, b) after 2 ns.  Spherical: c) initial configuration, d) after 1.2 ns.  Note the formation of 
titanium vapor as a (blue) cloud at the top of the mesh for the spherical ice grain impact, and its absence for the conical ice grain impact.  CTH 
computations with tracers (black dots) computed the fragment sizes and distribution; note the tracer motion. 
 
7.  Size of Fragments and Surface Area Produced by the Impact 
 
In addition to knowing whether there exists titanium vapor and its amount in an impact plume, there is the possibility that 
chemical reactions could occur on new surface formed by the fragmentation of the titanium.  Such chemical reactions could 
also influence the chemical species seen by the mass spectrometer.  Thus, work was also performed in examining the 
fragmentation from the impact to estimate the surface area of the fragments. 
By placing tracers on the titanium material, as seen in Figure 7, it is possible to estimate the strain rate during the impact 
and, using Grady-Kipp theory, determine the size of the titanium fragments released [10]. The distance between the tracers 
was 0.375 micron and covered a region that contained a mass of 2 picogram.  Because of the cylindrical symmetry the 
tracers that are far from the axis represent more mass than those that are close.  
In their work Kipp and Grady defined three regimes of fragmentation: dominated by strength, by fracture mechanics, and 
by fluid fragmentation. The sizes of the fragments from their model are, respectively,  
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where S is the nominal diameter of the fragment, KIC is the fracture toughness, U is the density, c the sound speed, Y the 
strength, J the surface tension, and H  the strain rate. Hence, if the strain rate is known, it is straightforward to estimate the 
size expected for the fragments using the equations above.  
The distance between pairs of adjacent horizontal points changes with time due to the impact and cratering (Figure 7). 
The distance and strains can be determined as a function of time given the position history of each tracer. The strain was 
simply calculated as the distance between two adjacent tracers divided by the initial distance between them while the strain 
(6) 
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rate was estimated as strain increment over time increment. The strain rates were averaged for the first nanosecond of the 
impact and the material properties estimated for very high rates and temperature. The material properties used in Eq. (6) 
were U= 4.4 g/cm3, J = 1.5 N/m, Y = 100 MPa, KIC = 100  MPa m0.5, c = 4.4 km/s and the strain rates computed were on the 
order of ~H 107  109 s-1. 
The average size S of the fragments based on the various expressions in Eq. (6) are shown in Table 1 for 7.7, 10, and 
16 km/s impact speeds. The two strains rates are computed based on the array of tracers shown in Figure 7; the upper rate is 
the maximum rate observed and the lower rate is the minimum rate observed.  Based on these values, the strength model 
looks most reasonable as to fragment size.  It is possible to compute the number of particles that are formed by following 
tracers in liberated mass, estimating the liberated mass associated with them, and using the strain rate computed for that 
tracer. Assuming that the fragment is spherical, the surface area of the fragments can be estimated.  Given the total mass in 
the ejecta in either solid or liquid state, it is then possible to provide a very rough estimate of the available surface area. The 
surface area allows, for example, computing the extent of chemical reactions between the titanium fragments released and 
sampled chemical species that could be present in the INMS antechamber.  
 
Table 1.  Strain rate and fragment size S estimates 
 
Impact Speed Lower Strain Rate Upper Strain Rate Corresponding Fragment Size for Upper Rate Strength Fluid Fracture 
(km/s) (1/s) (1/s) (micron) (micron) (micron) 
7.7 2.3u107 3.3u109 0.05 0.11 4 
10 5.0u107 4.2u109 0.04 0.10 3.3 
16 1.1u108 6.8u109 0.025 0.07 2.4 
 
 
7.  Conclusions  
 
Three different approaches to computing the threshold of vapor formation in titanium when struck by ice have computed 
an impact speed of around 16 km/s.  Thus, there is a qualitative difference if ice grains are striking the titanium antechamber 
of the INMS for the high- and low- speed flybys of Enceladus, since low speed flybys are 7 to 8 km/s and high speed flybys 
are 17 to 18 km/s.  Thus, the existence of titanium vapor in the antechamber may be leading to chemistry that makes it 
difficult to determine the chemical composition of the plumes.  The shape of the ice grain can influence the transition 
velocity.  Also, work was performed examining the fragments liberated to quantify the titanium vapor and titanium solid 
and liquid ejecta at various impact speeds, as all of these may influence chemistry in the instrument’s antechamber and thus 
affect the ions and molecules that are available for detection by the INMS. 
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